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Uncertainties of extreme winds, spectra, and coherences

J.Mann, L. Kristensen & N.O.Jensen
Risg National Laboratory, Roskilde, Denmark

ABSTRACT: The uncertainty on the the 50-year storm can be estimated from two widely used methods: the
peak over threshold and the maximum model. Long records of wind speeds are usually but not always in
agreement with the basic model assumptions. At moderate to high frequencies there is a good agreement
among researchers on spectral shapes over homogeneous terrain assuming neutral atmospheric stability. Neutral
stability at high wind speeds is a rule with exceptions and despite of high wind speeds an example from the Great
Belt Coherence Experiment shows greatly reduced turbulence levels. At low frequencies there is still some
discrepancies among model spectra. Due to modeling work based on the Great Belt Coherence Experiment the
coherences are well predicted once the spectra are known. Strong wind turbulence in inhomogeneous terrain,
which is often the setting of bridges, is an area of active research.

1 INTRODUCTION

Estimating loads on structures requires an estimate of
the most probable worst storm over expected life time
of the structure, together with spectra and coherences
of the gusty wind. Probabilistic design methods in
engineering require an estimate of the uncertainties of
the, say, 50-years storm, the design spectra and coher-
ences. In this paper the uncertainties of each of these
are reviewed.

2 EXTREME WINDS

There are two widely used methods to estimate the
return period of a given wind speed (or eguivalently
the n-years storm) given a record of measured wind
speeds. The record consists typically of 10 minutes
averages.

The concept of extreme winds can also be applied
to gusts. Kristensen et al. (1991) give a systematic
definition of gusts, but we shall only treat the extreme
of the 10 minutes mean wind in this section.

2.1 Peak over threshold (POT)

POT consists of collecting all storms greater than a
given threshold U’ (see Figure 1). These are assumed
to occur in a random and stationary manner like a
Poisson process with an average rate A and have an
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Figure 1: The difference between POT and periodical max-
imum illostrated by data from the Great Belt 70 meter mast
in 1997.

exponential probability distribution of wind speeds.
Thus by assumption the cumulative distribution of
peak exceedances over U/’ has the form

()

F(U):l—exp(— ) for 7 > U, (D

where o is the mean of the exceedance. The proba-
bility of a wind speed being larger than U is there-
fore exp(—(U — U’}/ ). Since we have assumed the
storms (or peak exceedances) to occur randomly in
time the average number of storms with wind speeds
higher than the threshold U/’ in a period of length T' is



AT, and the average number of storms stronger than
some higher level U is Ar = AT exp(—(U — U'}/a).
The definition of the T-year storm Ur (if T is mea-
sured in years) is the highest wind speed than on av-
erage will occur once in the period T, thus we have to
solve the equation Ay = 1

Ur = U+ aln(AT), @)

showing the dependence of the T-year storm Uy on
T.

Suppose we have data for the period Ty... and the
number of storms in this period is &V then the the pa-
rameters can be estimated as (Abild 1994)

N

AR ,
Tdata

axU-U (3)

which are the so-called maximum likelihood esti-
mates. It is clear that the uncertainties on these es-
timates will affect the uncertainty of the T-year esti-
mate (2). Using properties of the exponential distri-
bution and the Poisson process, and vsing the prop-
agation of variance formula, we can estimate the un-
certainty of Ut from (2). The result is

o

\' ’\Tdata

(Abild 1994), which shows that the longer the period
of data collection Ty, the smaller the error.

O’(UT) ~

1+ In?(AT) @)

2.2  Periodical maximum method

The periodical maximum method, which is probably
the most widely used, consists dividing the record of
wind speeds into n periods of equal length, typically
one year or less. Then, a new record of extreme winds
ure, ..., UR** is constructed by taking the maximum
of each period and sorting them in ascending order.
It can be shown, that if the tail of the distribution
of winds is exponential then the extreme winds have
(asymptotically) an accumulated probability which is
double exponential (Gumbel 1958)

F(U) = exp (- exp[—a(U - B)]}. &)

A fairly simple method to extract the parameters from
(5) which, according to Abild (1994), has proven
highly efficient for even small size samples is the fol-
lowing. First
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Figure 2: The Great Belt extreme wind data. T-years wind

speed as a function of return period. The one o error on the
T-year storm is indicated by thin lines. See the text.

is calculated, and then the parameters are estimated as

In2 _— 94
et ﬁ =U - Ea (7)

o= 261 _ Umax

where -y is Buler’s constant = 0.577216, and U™ the
mean of the maximnm values.

Once the parameters a and 3 are found the T-year
wind speed Uz can be found from the following equa-
tion relating the recurrence interval T to the cumula-
tive probability

I

T = ®

Solving this equation we get

Ur=—altlnln

g+ 8- ©)
Again the uncertainty of Uy can be calculated from
the uncertainties on « and 8. Lengthy calculations
give

1+ 1.14kr + 1.10k2
O’(UT) — E\/ + T + 0 T (10)
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Figure 3: Extreme wind data from the Faroe Islands (Tor-
shavn). See caption of Figure 2.

This method is not terribly different from fitting a
straight line to U* versus — In(—in—7)" and esti-
mating the uncertainty of an extrapolations along this
line. However, according to Abild (1994), the de-
scribed method should be close to optimal with re-

gards to bias and variance of the parameter estimates.

2.3 Examples

To illustrate the two methods two records will be ana-
lysed. The first is a 20 year long time series from the
small island of Sprogg in the middle of the Great Belt.
The measurements were made by a cup anemoine-
ter at 70 m above sea level, which corresponds to the
height of the Great Belt East Bridge. A description of
the meteorological station is given in Jensen, Nielsen,
and Nielsen (1988).

The other is a bit over seven years long record from
the Faroe Islands where Risg National Laboratory in
the fall of 1987 instalied a number of meteorological
stations. The purpose was primarily to study the wind
conditions at a range of typical topographic sites. The
study is done on behalf of the local authority. Al-
ready before the end of the second year we had on
record what still in 1998, after more than 10 years
of operation, seems to be an outstanding storm. The
39.2 m/s (10 min. average) was measured at the sta-
tion Glyvursnaes, which is considered not to be in-

That this is a straight line follows from the assumption (5).

51

fluenced by the local topography. At a station sit-
uated in a saddle point some kilometers away, 267
m a.s.l., called Nordredalsskard, the largest 10 min.
mean speed was 58.1 m/s. About an hour later when
the wind had turned so that the station came in the
wake of the peak to the one side of the pass the mean
wind decreased but the turbulent gusts (the largest 2
sec. mean value in each 10 min. period) increased to
76.7 m/s, at which point the lattice tower carrying the
instrumentation collapsed and the recording stopped.
This storm of 21-22 December 1988 is described in
Petersen and Jensen (19935).

In Figure 2 the T-year storm Ur versus return pe-
riod T according to (8) is shown both as derived from
the data (dots) and as obtained from the equations
(2) for POT and (9) for periodical maximum method
(black broad lines). The +o lines from (4) and (10)
are also shown. The Great Belt case, which is repre-
sentative of the vast majority of extreme wind records,
seems to comply with the assumptions underlying the
two methods, and there seems not to be any signifi-
cant difference between the two methods.

In Figure 3 the exceptional case of Faroe Islands
is shown. When the monthly extremes are ordered
we see that they order in a nice fashion except for
the 39.2 m/s event which is completely off. The in-
terpretation is that this particular event is of a differ-
ent emsemble than the rest, i.e. pertaining to another
phenomenon or include additional local effects such
as a lee-wave phenomenon in the manner of the Chi-
nook in the Boulder, Colorado area (Klemp and Lilly
1975). We obtain an average return period of approx-
imately 300 years if this event is included. The prob-
lem is of course that if the so far singular event be-
longs to a different phenomenon than the rest of the
extreme-value ensemble, the prediction value of the
latter becomes irrelevant and the return period of the
large storm could be a lot less than 300 years.

The uncertainties of the 50-year storm are shown in
Table 1.

1t should be noted that there has been done no cor-
rection for tower shadow effects, which can change
the extreme wind estimates with a few m/s.

24 Comparison

The POT method has the advantage that it is very
transparent. None of the methods gives a physical
reason for exponential behaviour of the probability
density functions. The POT method gives marginally
smaller standard errors on the 50-year storm estimate.
For the POT method the threshold U/ has to be cho-



Table 1: 50-years storms and their uncertainty by two

methods and at two locations.
Great Belt Torshavn
POT per. max | POT per. max
record length 20 yrs 7.2 y1s

# of storms | 40 40 44 43

U [mfs] | 24.2 —_ 20.9 —
Usg [m/s] | 33.5 333 51 36.3
a(Usp) [m/s] | 1.5 1.6 2.2 2.9

sen and likewise for the length of the n periods the
periodical maximum. This introduces some arbitrari-
ness into both methods., An additional choice has to
be made for the POT method. In order to get indepen-
dent storms all local maxima in an interval of, say, &1
day around a storm event do not count as independent
storms. Usually, the predicted 50-year storm is not
sensitive to these choices.

In conclusion, although the underlying assump-
tions are not exactly the same and the selected storms
are not necessarily the same (see Figure 1) the meth-
ods give very similar results.

2.5 Advances in determination of extreme winds

In the analysis of extreme wind above there was no
attempt to correct for local features of the landscape
such as hills, varying roughness, and obstacles. In
order to make long records of winds useful for ex-
treme wind estimation at other location it is neces-
sary to ‘clean’ the measured wind speeds of influ-
ences of the local terrain (Abild et al. 1992; Abild
1994). First, the wind speeds are corrected for vary-
ing roughnesses, hills and shelters. This gives a wind
speed which would have been present if the surround-
ing terrain of the measuring mast were flat, with con-
stant roughness and with no obstacles. The corrected
wind speed is then extrapolated up to the top of the
boundary layer giving the geostrophic (or *free’) wind
speed. This is done via the geostrophic drag law
which links the geostrophic wind to parameters de-
scribing the flow close to the surface (friction velocity
and surface roughness).

Assuming that the geostrophic wind does not vary
much with geographic location the whole procedure
can be reversed to give extreme wind speeds at a dif-
ferent location with a different surface roughness dis-
tribution and topography.

The success of this procedure, called the wind atlas
method (Mortensen et al. 1993), is based on the as-
sumption that the geostrophic wind does not change
from the measuring site to the site the extreme wind
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Figure 4: High precision pressure stations in Denmark in-
stalled early 1998,

is going to be estimated. However, even over a rel-
atively small area like Denmark there is a suspicion
that the geostrophic wind is stronger over the western
part than elsewhere in the country.

To test this Risg has set up a net in Denmark of
high precision sensors which are capable of measur-
ing pressure within +0.25 hPa (see Figure 4). This
will make it possible to measure horizontal pressure
gradients with very high precision. The geostrophic
wind is proportional to the magnitude of this gradient
and its direction is perpendicular to it. The six stations
in Figure 4 shouid be sufficient to detect variation in
the extreme or mean geostrophic wind over Denmark.

3 SPECTRA AND COHERENCES

Since the vertical wind fluctuation w and the fluctu-
ation in the mean wind direction u are of interest for
bridge aerodynamics, we shall focus on these and not
discuss transversal fluctuations v,

3.1 Code and textbook spectra and coherences

Surface layer scaling is used in many spectral mod-
els, implying that length scales are proportional to z
and that variances are proportional to the square of
the so-called friction velocity u2 and not dependent
on height. Defining a non-dimensional frequency
n = fz/U the spectra® of Kaimal are (Kaimal et al.
1972; Kaimal and Finnigan 1995)

fSulf) _ RiFulky) _ 52.5m

u? w2 (14 33n)3/%

(12)

2All spectra in this paper are ‘two-sided’ implying
f:ﬂy Fky)dk, = [ S(f)df is equal to the variance. The
so-called ‘one-sided’ spectra, where fo°° S{f)df is equal to the
variance, are probably more commonly used.
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Figure 5: Comparison of spectral models as functions
of ky = 2nf/U. For the comparison z = 40 m and
U7 = 40 m/s (over the sea) is chosen. For « ESDU, Kaimal
(12), Simiu & Scanlan (14), Hgjstrup et al. (1990), and
Norwegian Petroleum Directorate (1994) is used, and for
w ESDU, Kaimal (13) and Simiu & Scanlan (15). A fric-
tion velocity of ., = 1.78 m/s is used.

and
FSu(f) 1.05n
w2 1+6.3058 ()

Kaimal’ s spectra are based on measurements over flat
homogeneous terrain in Kansas.

The spectra of Simiu and Scanlan (1986) have the
same functional shapes as Kaimal’s but the numerical
constants are different:

FSAf) _ 100n

u? (14 50n)5/3° (14)
and
FSu(f) 1.68n

w2 141005 (13)

Deviations from surface layer scaling are found in
the model] spectra from ESDU International (1985).
Also the spectra of Norwegian Petroleum Directorate
(NPD 1994) and Hgjstrup et al. (1990) do not obey
surface layer scaling.

The Engineering Science Data Unit (ESDU) wind
profile, spectra and coherences (ESDU International
1982; ESDU International 1985; ESDU International
1986) are derived from many sources from all over the
world during several decades. ESDU proposes that
the turbulence intensities and length scales in the sur-
face layer are dependent on mean wind speed. The

argument is that the boundary layer depth increases
with increasing wind speed implying larger scales of
the turbulence. The other models, relying on surface
layer scaling do not contain any information on the
boundary layer depth and they contain no explicit ref-
erence to the mean wind speed.

The equations of ESDU are, compared to all other
spectral models discussed here, by far the most com-
plicated, and will not be cited explicitly. Detailed
comparison of these may be found in Mann (1998).

3.2 Uncertainties in the determination of spectra

Often spectra are averaged over, say, n consecutive
frequencies or wavenumbers to decrease the random
error of the estimate. Alternatively, the time series
could be divided into n segments of equal duration.
Each segment is then Fourier transformed and the
spectrum determined as the average of the absolute
square of these Fourier transforms. For either defini-
tion the statistical uncertainty on spectral density F
calculated from a stationary time series is (under the
assumption that the time series is long compared to
the time scale of the process)

o(Fy 1

= 16
(7 b o

(Koopmans 1974).

Figure 6 shows the result of an analysis of 14 two-
hour time series from the Great Belt. The series have
mean speeds U between 16 and 20 m/s and the mean
directions are within a narrow range around south
where there is an uninterrupted fetch over water for
at least 20 km. Also shown in these figures are the
ESDU spectra (black lines), the Kaimal spectra (gray
curves, eqs. 12 and 13), and the Simiu and Scan-
lan spectra (gray dashed curves, eqs. 14 and 15).
Contrary to the comparison in Figure 5 which had
z = 40 m and U = 40 m/s the model spectra seem
to agree fairly well with each other even at low fre-

quencies.
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Assuming the stability to be neutral, the variation
of spectral densities should obey (16) and the stan-
dard deviation at the lowest wavenumbers should be
around 25% and 5% at k; = 0.1 m™!. The observed
rms variations are clearly larger, at least 50% at the
lowest frequencies (for u and even more for w) and
maybe 20% at higher frequencies. Most noticeably,
there are spectra with only 10% of the spectral den-
sity of the others.

This variation is due to the stability of the atmo-
sphere not being neutral. The case with suppressed



turbulence is slightly stable and has U = 16 m/s.
From the point of view of aerodynamics this may im-
ply enhanced loads on the bridge deck. While the buf-
feting load are smaller the loads from vortex shedding
can be much larger. Usually vortex shedding from a
bridge deck is suppressed or even destroyed by the
turbulence in the atmosphere, but if turbulence is ab-
sent as in a stably stratified atmosphere (e.g. warm
air flowing out over a cold sea) the vortex shedding
might be strong.

Unstable stratification also alters the spectrum.
Though none of the spectra from the Great Belt are
obtained under very unstable situations, an analysis
of unstable spectra on the west coast of Norway in-
dicate that the spectra are mainly enhanced (by more
than 100%) at very low frequencies (f < 0.02 Hz).
These are not relevant for bridges, but might be for
various off-shore production units (Mann 1992).

The effects of stability are expected to disappear
at higher wind speeds, but the higher the structure,
the more likely stability is playing a role. The 254 m
high pylons of the Great Belt East Bridge may there-
fore experience almost smooth stably stratified flow
at 30 m/s or even higher. It is therefore a good idea to
continue to carry out wind tunnel tests in both turbu-
lent and smooth flow.

3.3 Determination of the coherence

The coherence between component ¢ and 5 of the
wind fluctuations measured at two points separated in
the horizontal (perpendicular to the mean wind) by
Ay and in the vertical by Az is defined as

[Xi.f(kla Ay} Az)lz
hi;(ky, Ay, = R 17
co J( 1 A’y Aw) F‘l(kl)ﬂ(kl) ( )
where the cross-spectra, defined as

Xi’i(kla Ay: Az) =

1 oo : -
- f_ (e, Ay, A2)e M0 da (18)

Considerations of coherences (or cross-spectra) are
unavoidable in determination of some dynamic loads,
f.ex. buffeting on a bridge deck. Often engineers use
the so-called square root coherence which is simply
the square root of the definition above.

Under the assumption that the segment of the time
series is larger than the time scale of the signal the
uncertainty of the determination of the coherence is
given by

c*(coh) = %coh(l — coh)? (19)
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Figure 6: Spectra from the Great Belt Coherence Experi-
ment. Upper plot is u, lower is w. Shown are also three
model spectra, the black curve is ESDU, the grey Kaimal,
and the grey dashed Simtu & Scanlan

which is valid for large n (Kristensen and Kirkegaard
1986; Mann 1994). For the square root coherence we
get

o*(vcoh) = %(1 — coh)?. (20)
The model coherences given in Simiu and Scanlan
(1986) for lateral displacements are

Veohi(ky) = exp(—ecAyn), withn =k /27, (21)

withc = 16 for¢ = u and ¢ = 8 for: = w. This
model fit the data quite well at high frequencies, how-
ever, these coherences go to one as frequency goes to
zero, a property which is in contradiction with obser-
vation,

Figure 7 shows coherences calculated from the
same data material as for the spectra in Figure 6. The
time series were divided into n = 70 segments, so
o+/coh is 0.08, 0.08 and 0.05 for v/coh =0.1, 0.3 and
0.6. The standard error of the measured coherences is
only a bit larger.
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Figore 7: Square root coherences from the Great Belt Co-
herence Experiment for a lateral displacement of Ay =
32.5 m. Upper plot is u, lower is w. Shown are model co-
herence of ESDU (black curve) and of Simiu and Scanlan
{eq. 21, gray curves).

3.4 Modelling and simulation and turbulence

In an attempt to understand the spectra and coher-

ences measured at the Great Belt, Mann (1994) has
constructed a model of the spectral tensor:

1 .
®ii(k) = s [ Bi(ryexp(=ik - r)ar, 2
where [dr = [ {22, [% dridradr;, and Because
of homogeneity, the covariance tensor

Rij(r) = (wi(@)u;(2 + r)) (23)

is only a function of the separation vector r ({ )
denotes ensemble averaging). The basic idea of the
model is the following. Shear has the main respon-
sibility for the anisotropy of turbulence in the lowest
part of the atmosphere. Townsend (1976) has shown
that assuming the wind profile to be roughly linear
it is possible to write a linear differential equation
describing the (initial) response of the turbulence to
the shear. Mann (1994) used this equation together
with consideration on the ‘life times’ of eddies of dif-
ferent sizes to postulate a crude equilibrium of the
shear trying to make turbulence more anisotropic and
the decay of eddies, which tends to make turbulence
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isotropic. Because small eddies decay fast the ten-
sor is isotropic for small scales (k large) while it is
anisotropic at larger scales. The model can, on the ba-
sis of measured spectra in one point, be used to predict
coherences of wind fluctuations measured at two sep-
arated point. It models almost any spectral or cross-
spectral aspect of the (neutral) turbulence measured at
the Great Belt, with only three adjustable parameters.

The spectral tensor is the basis of a Fourier simula-
tion technique (Mann 1998) which produces a three-
dimensional field of velocity vectors suitable as in-
put for load calculation on bridges, wind turbines or
other structures. It has better than any other model
accounted for the complicated spectrum of gustiness
as seen from the tip of a rotating wind turbine wing
(Petersen et al. 1995). Danish Maritime Institute has
done some calculations of the response of a bridge
deck using this model.

The model parameters has also been adjusted so
that the spectra for u, v, and w fit three widely used
spectral models (Kaimal, Wyngaard, [zumi, and Coté
1972; Simiu and Scanlan 1986; ESDU International
1985). In this way the model can be used as input
for load calculation for almost any spatially extended
structure using as input only the mean wind speed U,
the typical height above the terrain z and the surface
roughness length zo.

One major drawback of the model in application to
real situations is that it assumes the landscape to be
flat and homogeneous. It is well known that the char-
acteristics of turbulence changes at the top of hills,
in the wake of hills or close to roughness changes.
Currently, we are working on modelling turbulence in
complex terrain.

4 CONCLUSION

The basic assumptions of the extreme wind analysis
that lead to estimates of the uncertainty of extreme
winds seem usually, but not always, as we have seen,
to be satisfied.

The estimation of uncertainties on spectra and co-
herences are much more difficult to quantify. Small
changes in the stability of the atmosphere seem to in-
crease the uncertainty even at relatively large wind
speeds. The non-uniformity of the surrounding ter-
rain also adds to the uncertainties

Risg is currently working on improving methods
to estimate extreme winds anywhere in Denmark and
estimate spectra and coherence in complex terrain.

The Danish Energy Agency is acknowledged for
support for the preparation of this manuscript through
the project WASP Engineering (EPF-97, 1363/97-
0004).
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